An increase in variation in the 24 h pattern of body temperature (heterothermy) in mammals can be induced by energy and water deficits. Since performance traits such as growth and reproduction also are impacted by energy and water balance, we investigated whether the characteristics of the body temperature rhythm provide an indication of the reproductive success of an individual. We show that the amplitude of the daily rhythm of body temperature in wild rabbits (Oryctolagus cuniculus) prior to breeding is inversely related to the number of pregnancies in the subsequent seven months, while the minimum daily body temperature is positively correlated to the number of pregnancies. Because reproductive output could be predicted from characteristics of the core body temperature rhythm prior to the breeding season, we propose that the pattern of the 24 h body temperature rhythm could provide an index of animal fitness in a given environment.
Introduction
A relatively constant and high body temperature is widely regarded as a key characteristic of mammals and birds, the lineages that have evolved endothermic-homeothermy. Maintaining body temperature within a narrow range is costly in terms of water and energy use [1] . In situations of energy deficit or energy unpredictability, many small mammals exhibit daily or multi-day torpor (hibernation), characterized by pronounced reductions in body temperature, water loss and energy expenditure. Such heterothermy is widely considered a key response for survival in changing environments [2] .
Maintaining a body temperature below ambient temperature requires the evaporation of water, while maintaining a body temperature above ambient temperature requires the generation of heat. Limited water or energy supply leads to a widening of the inter-threshold zone of thermoregulation, and thus a decrease in thermoregulatory precision. Vasomotor changes in the periphery can induce regional heterothermy in the peripheral shell of a mammal without major changes in core temperature [3] , while more pronounced heterothermy is manifest as an increase in the daily amplitude of the core body temperature rhythm, without body temperature decreasing to the very low levels considered indicative of torpor [4, 5] . The lower core temperatures in the inactive phase of the daily rhythm appear to be regulated in birds [6] and mammals [4] . During exposure to very hot days, the body temperature of Arabian oryx (Oryx leucoryx) fluctuated by more than twice as much over 24 h when individuals had no drinking water and little food, compared to when they had access to water and food [7] . The finding that exposure to extreme environmental conditions, per se, resulted in little or no change in body temperature suggests that homeothermy is the default condition if sufficient energy and water are available, and that heterothermy manifests when a deficit in a required resource pertains [4] .
While extreme environmental conditions can exacerbate the heterothermy caused by water or energy deficit, extreme conditions are not required. Limiting the feed intake of sheep or rats at 228C to 70% of their daily energy requirement resulted in more than a doubling of the daily amplitude of body temperature [5, 8] , with substantial inter-individual variability. Similar high inter-individual variation in body temperature amplitude was seen when monkeys faced food scarcity in winter [9] . Such variability may reflect more resources being channelled towards thermoregulation in individuals with better access to resources (e.g. as a result of higher social rank), or in individuals with lower energetic demands.
In situations of water or energy deficit, many mammals sacrifice the precision of body temperature regulation. Water and energy are required for physiological processes other than thermoregulation, for example growth, osmoregulation and reproduction. Whether the reduction in the precision of body temperature regulation is reflected in detriments to other physiological systems is not known. We predict that the 24 h amplitude of body temperature will be inversely correlated with the performance of individuals, and ultimately with fitness. While the use of torpor and hibernation has been related to fitness outcomes in terms of reproductive output and winter survival [10] and the evolution of a slow life history [11] , the inter-individual variation in body temperature variability in mammals that do not employ torpor has not been related to life-history traits. Here, we investigate whether the pattern of body temperature is associated with fitness. We report body temperatures in freeliving wild rabbits, which have a relatively short gestation period (31 days), and we use reproductive output (number of pregnancies) as a proxy for fitness.
Material and methods
The fieldwork was carried out in Vittoria, New South Wales, Australia (33.438S, 149.348E; altitude 700 -950 m). We trapped 44 wild female rabbits (body mass 1.59 + 0.15 kg, mean + s.d.) and implanted data loggers (MLog-T1; Sigma Delta Technologies, Perth, Australia, mass 10 g when implanted) into each animal under general anaesthesia (electronic supplementary material, S1). The data loggers recorded core body temperature every 5 min. The rabbits were fitted with radio collars and released back into the wild.
Trapping was repeated bi-monthly and opportunistic data on recaptured animals were obtained, including body mass, pregnancy and lactation status. Several animals died during the study (generally via predation); occasionally we were able to find the logger. Retrieval of other loggers occurred 12 months after surgery; we obtained data from 21 of the rabbits. Pregnancy was defined from the pattern of body temperature that occurs from about mid-gestation [12 -15] . The number of pregnancies was totalled for each individual between March and September. The heterothermy status of each individual was defined as the amplitude of the daily body temperature rhythm as determined by fitting a cosinor function [16] to the data in February (before any of the animals were pregnant). The 24-h mesor (mean) of the body temperature rhythm was obtained from the same analysis and the daily minimum was calculated as the mesor minus the amplitude. The number of pregnancies observed in each individual was regressed on each of these variables. Results are presented as the F-value of a regression analysis, p-value and r 2 .
Results and discussion
While the implanted animals were all in apparently good condition, there was variation in the amplitude of the daily body temperature rhythm (figure 1). In many mammals gestation can be detected by a progressive, regulated decrease in body temperature [12 -15,17] . Such decreases were evident in all of the rabbits (figure 1), with the number of pregnancies between March and September varying from 1 to 5. Observations of pregnancy on retrapped individuals confirmed that the temperature pattern was indicative of pregnancy (electronic supplementary material, S2). The amplitude, and the minimum, of the daily body temperature rhythm prior to the start of breeding predicted the number of pregnancies in the subsequent seven months (figure 2). There was no relationship between the number of pregnancies and the mesor of the body temperature (figure 2). A potential explanation for the results is that larger females might have smaller 24 h amplitudes of body temperature and higher 24 h minimum body temperatures, and also be in better condition, and so have better reproductive success. We discount that explanation because there was no correlation between the body mass of the rabbits at surgery and the subsequent number of pregnancies (
Because the body temperature pattern in February explained about 30% of the variability in pregnancies, factors other than heterothermy contributed to the variation in rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170521 pregnancy rate. Such a result is not surprising given that, for pregnancy to occur, several stochastic processes have to align, from ovulation to mating and fertilization, implantation, placental growth and competency. Each of these steps is associated with its own drivers, and energy balance, as indexed by heterothermy, probably contributes to each. Variations in the way that the environment impacts on energy balance and the likelihood of pregnancy might introduce more variability than we saw in this 1 year study. More
Historically, the way to assess the performance of an animal in a given environment has been to measure lifehistory traits, such as annual growth or reproductive outputs. These measurements require long periods for assessment and are labour-intensive [18] . More recently, the cort-fitness hypothesis proposed that the measurement of glucocorticoid levels provides a measure of fitness, but recent reviews cite inconsistent relationships between the levels of glucocorticoid and fitness [19, 20] . Courtship and parturition are associated with raised glucocorticoid levels, and, during the short-term, glucocorticoids improve fitness by altering behaviour and mobilizing energy stores. The collection of faecal samples requires human presence (which itself is a stressor for wild animals) and it often is difficult to match a sample to a particular individual animal.
In contrast, measuring the core body temperature of mammals in specific habitats can be done remotely, with real-time data accessed via wireless technology [21] , and advances in monitoring technology mean that mammals routinely are being equipped for long-term ecological studies [22] . The real-time recording of body temperature may allow the monitoring of responses of individual animals to stressors.
Our data in no way suggest that an increase in heterothermy causes a decrease in reproductive activity. What is more likely is that the thermoregulatory and reproductive systems are impacted in parallel by changes in energy balance. A potential mechanism might involve leptin signalling to kisspeptin/neurokinin B/dynorphin (KNDy) neurons [23] that mediate the activity of the reproductive axis [24] and also project to thermoregulatory centres in the pre-optic anterior hypothalamus [25] . When faced with energy shortage, a mammal's chance of survival would be enhanced with a decrease in reproductive activity [26] , and also a decrease in the thresholds for cold-defence, leading to the observed heterothermy.
Currently there is no single measure that allows us to accurately assess the physiological welfare of mammals. If the pattern of the 24 h body temperature rhythm can be used to predict performance in other mammals and at other times, as demonstrated here for rabbits, then we propose that it could provide an index that will allow managers of both wildlife and production animal systems to determine whether an environment is suitable for a given species, and how animals will perform in a given habitat. rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170521
